Using the electrochemical linear polarization resistance technique, 5-amino-1,3,4-thiadiazole-2-thiol corrosion current density on ASTM A-890-1B steel is determined in a 3.5% NaCl solution at different temperatures. The corrosion inhibition process is mixed. Apparent activation energy is calculated, being the one with inhibitor slightly greater than that without it. Adsorption matches Damaskin-Parsons isotherm, showing that molecules adsorbed by the metal surface reject each other. Three water molecules on the metal surface are replaced by one inhibitor molecule. This is demonstrated by calculating the surface these molecules project. Normal thermodynamic adsorption parameters are calculated, showing that the process is spontaneous and exothermic. Inhibitor adsorption on the metal surface is a chemical adsorption.
INTRODUCTION
In general, some organic compounds have shown great effectiveness for inhibiting aqueous corrosion in a great variety of metals and alloys 1, 2 . The adsorption of these metals is generally explained by the formation of a film on the metal surface. Inhibitor adsorption can prevent cathodic and anodic reactions or both together. This inhibition may be a chemical or physical adsorption. This effect is obtained through the formation of a diffusion barrier or by blocking reaction sites 3, 4 . Electrostatic attraction between the charged inhibitor molecule and the active charged sites on the metal surface result in physical adsorption. The literature shows that most organic inhibitors are adsorbed on the metal by surface water molecule displacement, forming a compact barrier 3 .
Molecules containing nitrogen and sulfur in their structures are good inhibitors, as compared to compounds that only contain sulfur or nitrogen 5 . The inhibition property of these compounds is attributed to their molecular structure. The planarity and pairs of free electrons in heteroatoms are important characteristics that determine the adsorption of these molecules on the metal surface 4 . Heterocyclic compounds containing sulfur and nitrogen are good corrosion inhibitors in aggressive mediums 5, 6, 7, 10 . There are currently stainless steel alloys highly resistant to corrosion such as duplex stainless steels. This is the case of ASTM A-890-1B, the objective of this study. Duplex stainless steels have a chemical composition carefully adjusted to obtain a mixed crystalline structure of about half a ferritic phase and half an autenistic phase. This is possible due to the addition of ferritic steel and a small controlled amount of nickel (sometimes Mn and N). The resulting alloy shows mechanical characteristics much better than those of autenistic steel, allowing the use of fewer thickness and thus saving material. In addition, good resistance to uniform and localized corrosion such as pitting, crevice or cracking is obtained. Very good results have been reported for some of the most critical cases such as high chloride concentration and the presence of reducing agents and hydrogen sulfide ) .
The 5-amino-1,3,4-thiadiazole-2-thiol organic compound has been frequently used as copper corrosion inhibitor [11] [12] [13] [14] . This compound reacts with a variety of metallic ions, forming a thin complex polymeric layer on the metal surface, thus forming complexes. This compound contains nitrogen and sulfur atoms, that is, heteroatoms that result in metal adsorption.
The phenomenon of 5-amino-1,3,4-thiadiazole-2-thiol adsorption on an ASTM A-890-1B stainless steel surface in a 3.5% NaCl solution was studied. Corrosion current density data were used and some thermodynamics parameters were calculated.
EXPERIMENTAL

Materials and methods
The stainless steel Duplex ASTM A-890-1B has the following compositions in % Resistance of stainless steel to pitting and crevice corrosion is improved by chromium, molybdenum and nitrogen addition. Figure 1 shows the 5-amino-1,3,4-thiadiazole-2-thiol inhibitor molecule structure (Aldrich 98%). Pretreatment. ASTM A-890-1B is annealed at 400ºC for 2 h and then aircooled.
Electrodes. The working electrode was prepared on an ASTM A-890-1B pretreated cylinder connected to a copper conductor wire. The cylindrical part was isolated with epoxy resin, leaving a 0.21 cm 2 exposed area. Before each experiment the exposed area of the working electrode was treated with soft 3M 1500 sand paper, to a metallic shine. Then it was brushed carefully, washed with distilled water, degreased with ethanol, and finally dried with soft paper.
The reference electrode was saturated calomel (SCE), which was cleaned before each experiment to avoid inhibitor contamination. It was externally cleaned with distilled water and dried with soft paper, keeping some KCl crystals inside. The auxiliary electrode was a platinum cylinder with a 1.77 cm 2 exposed surface. Before each experiment it was cleaned with distilled water, degreased with ethanol, rinsed again with bi-distilled water, and dried with soft paper.
Working system. Fifty mL of 3.5% NaCl electrolyte, with and without inhibitor, are introduced into the electrochemical cell and kept at constant temperature (15, 20, 25, 30, 35 and 40 ± 0.5ºC ); the working electrode was kept inside the cell for 60 min. Then the auxiliary electrode was introduced into the cell, facing (at the same height) the working electrode at 2-3 mm apart. The electrolyte was sucked into the Luggins' capillary and the reference electrode was put in place.
Potentiodynamic measures were taken after a 30-min period of working electrode immersion into 3.5% NaCl at different 5-amino-1,3,4-thiadiazole-2-thiol concentrations ( Figure 2 shows polarization curves at 25ºC. The results of polarization corrosion parameters as a function of inhibitor and temperature concentration are summarized in Table 1 . Table 1 shows that the greater the inhibitor concentration, the greater its efficiency, regardless of temperature. Inhibitor efficiency is given by where i c is corrosion current density without inhibitor and i c (inh) is corrosion current density with inhibitor. The efficiency of a certain inhibitor concentration remains almost steady at different temperatures.
RESULTS AND DISCUSSION
Polarization curves
Maximum compound solubility is 5x 10 -4 in a 3.5% NaCl solution which, if greater, would allow a higher degree of covering. In the corrosion medium there may be competition between active ions such as Cl -and the inhibitor molecules due to adsorption on the metal surface. Adsorption will depend on the relative concentration of each of them. This means that the inhibitory effect of the organic molecules will depend on Cl -concentration, which decreases as the inhibitor capacity to form a protection layer on the metal surface increases. 15 E corr is almost steady. Regarding the curve without inhibitor, Tafel slopes change positively and negatively for the anodic and cathodic processes, respectively, that is, the inhibitor influences the two processes and behaves in a mixed fashion. 
Temperature effect
Greater temperature increases corrosion density. The activation parameters of the corrosion process can be calculated from an Arrenhius-type equation:
(eq 1)
Where E a is apparent corrosion activation energy; k is a pre-exponential Arrenhius factor; and T is absolute temperature. Using data in Table 1 , the activation energy with and without inhibitor can be calculated. For example, the graph in The graph above shows two lines, one with inhibitor and another without it. Their correlation coefficient is close to -1. The activation energy can be calculated from the slopes, 10.51 kJ/mol with inhibitor being slightly higher than 9.88 kJ/mol without inhibitor. This is in agreement with corrosion current density being lower in a system with inhibitor, This also occurs at other concentrations.
Adsorption isotherm
An adsorption isotherm describes the equilibrium between the concentration of a certain species in the phase in which it is present and in the metal-electrolyte phase. So, adsorption equilibrium can be written as
where ORG is the organic compound adsorbed and deadsorbed at the same speed on the metal surface. The adsorption phenomenon occurs in an aqueous solution containing the organic compound [ORG (aq) ] . This involves the displacement of a certain number of water molecules (χ) by the organic compound which is adsorbed on the electrode surface [H 2 
O(ads)].
Inhibitor efficiency (I E ) is proportional to the degree of inhibitor lining (θ) on the surface of the steel that can have values from 0 to 1. This degree of lining as a function of steady temperature concentration allows searching the isotherm that best matches experimental data. Tested isotherms are shown in Table 2 . where b is an adsorption equilibrium constant; n is the number of sites occupied by a molecule of the metal surface; f represents interactions among adsorbed molecules (this interaction parameter may be positive or negative: f < 0 indicates repulsion force and f > 0 shows lateral attraction among adsorbed
organic molecules); χ is the substitution of water molecules by an inhibitor molecule; and h is a measure of adsorption energy distribution in different sites of the surface (this is a heterogeneity parameter (0 < h < 1) [30] [31] [32] [33] [34] [35] [36] [37] ). Adsorption isotherms that match experimental data are Damaskin-Parsons and Kastening-Holleck equations requiring the calculation of three parameters: b, f and χ.
The usual procedure to find the optimum value of these parameters is based on the minimization of the function objective 14 (FO) defined by:
where C cal is concentrated calculation and C exp is experimental concentration. Subscript i is a value in a set of p inhibitor concentrations.
Criteria to determine which isotherms better match experimental data are: correlation coefficient, FO function, and intercept presence or absence in the isotherm equation. These criteria were tested for all isotherms, the one most in agreement being Damaskin -Parsons, whose value, χ=3, is shown in Figures  4 and 5 . The interaction among inhibitor molecules on the steel surface was obtained from the linear equation slope, in, whose result was f= -8.96, with correlation coefficient = 0.991. The negative value f indicates that these are repulsion interactions. Corrosion inhibitor adsorption in aqueous solution of the metal surface can be considered equivalent to an equilibrium reaction as shown in eq 3, where χ water molecules adsorbed on the metal or alloy surface are displaced by an organic molecule. This equilibrium can be a function of free normal energy variation.
At room temperature, water concentration is approximately 55.5 mol/dm 3 . Then, normal adsorption energy variation could be determined by the relationship In the linear equation, the intercept represents ln b. In this case b= 2.54 10 9 (dm 3 /mol). Thus, free adsorption energy at 25ºC is -63.3 kJ/mol. Free adsorption energy values for other temperatures are shown in Table  3 . A polynomial, is obtained in correlating and absolute temperature, the correlation coefficient being -1, as seen in Figure 6 .
As is normal adsorption entropy, then.
Considering that, we have that At 25ºC, º ads G ∆ = -63.6 kJ/mol; -0.73kJ/mol; 210 J/mol K. This means that the adsorption process is spontaneous and exothermic.
Negative values of ∆Gº suggest that inhibitor molecule adsorption on the steel surface is a spontaneous process. Generally, ∆Gº values up to -20 kJ mol -1 are compatible with the electrostatic interaction between the charged molecules and charged metal (physical adsorption), while those more negative than -40 kJ mol -1 involve charged pairs or organic molecule transfer onto the metal surface, so as to form a type of coordinated bond (chemical adsorption) 5, 38, 39 . When an adsorption process is endothermic (∆Hº>0) it is attributed to a chemical adsorption process, while an exothermic process (∆Hº<0) may imply either chemical or physical adsorption or a mixture of both 5, 38 . In this case, the adsorption is exothermic.
Since the ∆Sº sign is positive, it opposes to what should be expected for exothermic process adsorption since it is always accompanied by entropy decrease. Ateya et al. 33) described this situation as organic compound adsorption accompanied by water molecule desorption from the surface. Thus, the adsorption process is thought to be exothermic and associated with solute entropy, as opposed to the solvent. Entropy gain accompanied by the adsorption process is attributed to solvent entropy increase 42, 43, 44 . Positive values of ∆Sº show that the adsorption process is accompanied by entropy decrease, which is influenced by inhibitor adsorption on the metal surface 5, 45, 46, 47 . Possible mechanisms for chemical adsorption may be attributed to π donating electrons of aromatic rings. 5, 38, 42 Figures 7 and 8, shows the horizontal and vertical molecules on the steel surface. Surface calculations 14 that project these molecules on the metal surface indicate that the horizontal molecule has an about 0.52 nm 2 surface and the vertical one, 0.33 nm 2 . On the other hand, the surface projecting the water molecule is 0.10 nm 2 vertically and 0.13 nm 2 horizontally. Since the inhibitor molecule adheres to the steel surface through the π bonds of heteroatoms N and S, the molecule could be vertical. Then three water molecules could be displaced by each inhibitor molecule, in agreement with Damaskin-Parsons isotherm calculation. Inhibitor efficiency at any temperature increases as concentration increases.
Activation energy with inhibitor is slightly higher than that without it.
5-amino-1,3,4-thiadiazole-2-thiol affects the anodic and cathodic processes, thus showing that the inhibition mechanism is mixed.
5-amino-1,3,4-thiadiazole-2-thiol adsorption on ASTM A-890-1B steel surface obeys Damaskin-Parsons isotherm.
According to Damaskin-Parsons isotherm, 3 water molecules are displaced, as proven by surface calculation.
According to free energy variation signs and normal enthalpy, the adsorption process is spontaneous and exothermic.
The variation of the normal entropy process is positive, showing the formation of a chemically adsorbed inhibitor film on the metal.
Inhibitor molecules on the alloy surface reject each other.
